A miniaturized continuous-wave Doppler radar sensor operating at 915 MHz to remotely detect both respiration and heart rate (beats per minute) is presented. The proposed radar sensor comprises a front-end module including an implemented complementary metal-oxide semiconductor low-noise amplifier (LNA) and fractal-slot patch antennas, whose area was reduced by 15.2%. The two-stage inverter-based LNA was designed with an interstage capacitor and a feedback resistor to acquire ultrawide bandwidth. Two operating frequencies, 915 MHz and 2.45 GHz, were analyzed with regard to path loss for efficient operation because frequency affects detection sensitivity, reflected signal power from the human body, and measurement distance in a far-field condition. Path-loss calculation based on the simplified layer model indicates that the reflected power of the 915 MHz radar could be higher than that of the 2.45 GHz radar. The implemented radar front-end module excluding the LNA occupies 35 × 55 mm 2 . Vital signs were obtained via a fast Fourier transform and digital filtering using raw signals. In an experiment with six subjects, the respiration and heart rate obtained at 0.8 m using the proposed radar sensor exhibited mean accuracies of 99.4% and 97.6% with respect to commercialized reference sensors, respectively.
Introduction
Radar technology can detect vital signs such as respiration and heart rate without contact electrodes [1] . Among various noncontact vital-sign detectors, the radar sensor has advantages for various industrial applications, such as driver-status monitoring, human-motion recognition, passenger detection systems, and smart home appliances, owing to its operating principle of not infringing on privacy and the difficulty of detecting sensor operation [1] [2] [3] . A continuous-wave (CW) radar, which transmits and receives continuous signals and measure vital signs according to changes between transmitted and received signals, can be implemented using simple front-end configuration with a single operating frequency in a narrow bandwidth and can easily remove stationary clutter [4] [5] [6] [7] .
The CW radar for detecting vital signs has exhibited high sensitivity to small displacements with frequency bands of ≥2 GHz because more signal changes can be detected at a higher operating frequency [1] [2] [3] . A radar sensor operating at a higher frequency also has the advantage of miniaturization, because operating frequency determines the size of the radar module, particularly the size of the antennas [4] [5] [6] . However, high-frequency signals have difficulty penetrating the inside of the human body, and attenuation loss can be significantly increased when electromagnetic (EM) waves are transmitted through high-dielectric materials, such as muscles and skin [8] . It was previously reported Figure 1 shows a block diagram of the detection of vital signs using a CW Doppler radar sensor. Transmitted signal T(t), generated by the free-running oscillator, is expressed as T(t) = A t cos(2π f 0 t + ϕ(t)),
where A t represents the magnitude of the transmitted signal, f 0 represents the operating frequency of the radar sensor, t represents time, and ϕ(t) represents the phase noise of the oscillator. Because of the Doppler shift generated by the respiration and heartbeat of the subject, received signal R(t) can be expressed as a phase-modulated signal, as follows:
where A r represents the magnitude of the received signal, d 0 represents the distance from sensor to subject, λ represents wavelength corresponding to operating frequency, c represents the velocity of the EM waves in free space, and x(t) and y(t) represent the time-varying displacements caused by respiration and heartbeat, respectively; x(t) and y(t), due to vital signs, are significantly smaller than the wavelength corresponding to the operating frequency. The received signal and the local oscillator (LO) signal, coupled with the transmitted signal, are downconverted by a frequency mixer and a low-pass filter into the baseband signal, as follows:
where A B represents the magnitude of the baseband signal. Phase variation θ over the distance from sensor to subject is given as 4πd 0 /λ, and residual phase noise ∆ϕ is given by ϕ(t) − ϕ t − 2d 0 c . It is assumed that residual phase noise can be neglected when the LO and received signals are generated by the same oscillator due to the range correlation effect [18] . If θ is an odd multiple of π/2, baseband signal B(t) can be represented with small-angle approximation of the sine function, as follows:
4π λ (x(t) + y(t)) 4πA B λ (x(t) + y(t)).
When θ approaches an even multiple of π/2, it is difficult to distinguish vital signs at the baseband output of the radar sensor due to the null-point problem [19] . A radar sensor with a single output channel has limited operation owing to distance dependence, but this problem can be solved by using a quadrature receiver or the demodulation method [18, 20] . For a 915 MHz radar sensor with a single output channel, the null-point problem can be avoided by adjusting the distance from the sensor to the subject and implementing a simple hardware configuration. 
where Ar represents the magnitude of the received signal, d0 represents the distance from sensor to subject, represents wavelength corresponding to operating frequency, c represents the velocity of the EM waves in free space, and x(t) and y(t) represent the time-varying displacements caused by respiration and heartbeat, respectively; x(t) and y(t), due to vital signs, are significantly smaller than the wavelength corresponding to the operating frequency. The received signal and the local oscillator (LO) signal, coupled with the transmitted signal, are downconverted by a frequency mixer and a lowpass filter into the baseband signal, as follows:
where AB represents the magnitude of the baseband signal. Phase variation θ over the distance from sensor to subject is given as 4πd0/λ, and residual phase noise Δφ is given by ( ) . It is assumed that residual phase noise can be neglected when the LO and received signals are generated by the same oscillator due to the range correlation effect [18] . If θ is an odd multiple of π/2, baseband signal B(t) can be represented with small-angle approximation of the sine function, as follows:
Path-Loss Calculation
In the human body, the region from the skin to the heart, which is a measurement target of the radar sensor, has a multilayer structure with various dielectric properties. These properties vary with respect to EM wave frequency, and depend on personal characteristics, such as age, gender, and race [7] . The layer constituting the inside of the human body was defined according to biological information obtained from a well-examined male cadaver [9, 21, 22] . Based on previous studies, the EM properties of human-body tissue at 915 MHz and 2.45 GHz were calculated, as presented in Table  1 and Table 2 , respectively [22−24] . Properties are shown only for human-body layers in the region from the radar sensor to the heart, which is the main observation target. Properties related to energy loss of EM waves in each layer differed according to frequency, whereas other properties did not show significant differences. Calculation results showed that conductivity and attenuation at 915 
In the human body, the region from the skin to the heart, which is a measurement target of the radar sensor, has a multilayer structure with various dielectric properties. These properties vary with respect to EM wave frequency, and depend on personal characteristics, such as age, gender, and race [7] . The layer constituting the inside of the human body was defined according to biological information obtained from a well-examined male cadaver [9, 21, 22] . Based on previous studies, the EM properties of human-body tissue at 915 MHz and 2.45 GHz were calculated, as presented in Tables 1 and 2 , respectively [21, 23, 24] . Properties are shown only for human-body layers in the region from the radar sensor to the heart, which is the main observation target. Properties related to energy loss of EM waves in each layer differed according to frequency, whereas other properties did not show significant differences. Calculation results showed that conductivity and attenuation at 915 MHz were lower than those at 2.45 GHz. These results agree with the well-known fact that. at the same transmitted power, EM waves can more deeply penetrate inside the body when operating frequency is reduced. Calculation results for path loss in human-body layers are shown in Figure 2 , indicating the received power level that can be obtained from the radar sensor operating at 915 MHz and 2.45 GHz in each layer. Permeability was assumed to be 1 in all types of tissue, and multiple reflections in each layer were neglected in the calculation. For the same output power of 0 dBm, signal attenuation at the chest surface was calculated to be approximately equal to −3.9 dB and −4 dB at 915 MHz and 2.45 GHz, respectively. Signal levels reflected by the heart were calculated to be −27.35 dB at 915 MHz and −34.33 dB at 2.45 GHz. It is considered that the signal received by the radar sensor operating at 915 MHz contained more information regarding the movement of the heart, because the signal reflected by the heart is 7 dB higher. The attenuation level given by path-loss calculation may vary depending on human-body characteristics or human-body layer modeling. However, calculations clearly indicate the tendency of path-loss reduction for EM waves with the reduction of the frequency. The same tendency of EM waves passing through the human body was reported for different frequency bands [24] . MHz were lower than those at 2.45 GHz. These results agree with the well-known fact that. at the same transmitted power, EM waves can more deeply penetrate inside the body when operating frequency is reduced. Calculation results for path loss in human-body layers are shown in Figure 2 , indicating the received power level that can be obtained from the radar sensor operating at 915 MHz and 2.45 GHz in each layer. Permeability was assumed to be 1 in all types of tissue, and multiple reflections in each layer were neglected in the calculation. For the same output power of 0 dBm, signal attenuation at the chest surface was calculated to be approximately equal to −3.9 dB and −4 dB at 915 MHz and 2.45 GHz, respectively. Signal levels reflected by the heart were calculated to be −27.35 dB at 915 MHz and −34.33 dB at 2.45 GHz. It is considered that the signal received by the radar sensor operating at 915 MHz contained more information regarding the movement of the heart, because the signal reflected by the heart is 7 dB higher. The attenuation level given by path-loss calculation may vary depending on human-body characteristics or human-body layer modeling. However, calculations clearly indicate the tendency of path-loss reduction for EM waves with the reduction of the frequency. The same tendency of EM waves passing through the human body was reported for different frequency bands [24] . 
Implementation of Radar Sensor

Fractal-Slot Patch Antenna
The reduction of antenna size is required for miniaturizing the 915 MHz radar sensor for vital-sign detection, because antenna size is proportional to the wavelength of the operating signal. There are small surface-mounted-device-type products fabricated on high-permittivity ceramic substrates that operate in the frequency band below 1 GHz, but conventional linearly polarized antennas have a limit in detecting various movements related to respiration and the heart. A patch antenna for a 915 MHz radar sensor on an FR4 substrate was designed via the size-reduction method using a fractal slot because of the easy design and fabrication of the desired characteristics [25] . Circular polarization was implemented in the proposed antenna with a truncated edge at the diagonal patch. Antenna size can be reduced by designing the resonance frequency with an arbitrary shape inside the patch because the operating frequency of the antenna is inversely proportional to the effective path length of the EM wave [26] . However, as patch size decreases owing to the implementation of the arbitrary shape, the radiation efficiency of the antenna decreases [27] . A fractal-slot patch antenna that can increase path length with a small pattern is advantageous for implementing a miniaturized antenna while maintaining antenna performance [28] . The proposed fractal slot is inserted in the center of the patch antenna with three Koch snowflake patterns, as shown in Figure 3 , for increasing the surface current path on the patch. The ANSYS HFSS 3D EM simulator was used to design the shape with optimal parameters to obtain a long resonance wavelength for the patch. The optimized shape from the simulation was tilted by 40 • , which is similar to the truncated angle of the patch (45 • ). The proposed antenna with a fractal slot on an FR4 substrate with a permittivity of 4.4 and a thickness of 1 mm has a patch length of 70.4 mm, which is 6 mm (7.9%) smaller than that of a conventional patch antenna. Physical size was also reduced by 15.2% compared with a conventional patch antenna with the same operating frequency. As shown in Figure 4 , the proposed antenna was simulated to have a return loss of 26 dB at 915 MHz, a −10 dB bandwidth of 17 MHz (from 907 MHz to 924 MHz), a half-power beam width of 108 • , and a radiation efficiency of 12%. The simulated performances and radiation patterns were similar to those of a conventional antenna despite size reduction. The antenna gain of the proposed antenna was −5.8 dB, which is smaller than that of a conventional antenna of −4.1 dB because of the decrease of radiation efficiency in the proposed antenna. The maximum return loss of the antenna was measured at 905 MHz and was downshifted by 10 MHz from the desired frequency owing to the fabrication tolerance of the printed circuit board (PCB). 
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(a) 
Two-Stage LNA
The proposed design can reduce the size of the patch antenna in the 915 MHz band, but measured return loss was 6 dB at the desired center frequency of 915 MHz. Because the low return loss can degrade signal sensitivity, the proposed radar sensor was implemented with an LNA connected to the antenna for impedance matching. The wideband LNA shown in Figure 5 is proposed to improve the sensitivity of the radar sensor and impedance matching with the antenna. The proposed LNA is a two-stage inverter-based amplifier with resistive feedback. Inverter-type LNA achieves wideband input-and output-impedance matching using feedback resistors, according to the size of the n-and p-type metal-oxide semiconductor transistors [29] . However, impedance mismatching may be generated to obtain the desired voltage gain in the inverter-based LNA, because the transconductances and output resistances of the transistors affect the wideband input and output matching characteristics and the voltage gain. Impedance mismatch can be compensated by adding capacitance C x, shown in Figure 5a , between the first and second stages in the proposed LNA. Additional capacitance C x can not only increase the degree of freedom in the inverter-based LNA design without increasing the noise figure but also be useful for achieving impedance matching with the proposed fractal-slot antenna. Capacitance characteristics at the input of the LNA can be designed to compensate for the inductance characteristics of the antenna, because the input capacitance of the first stage, which depends on the size of the transistors, can be adjusted by changing capacitance C
of the n-and p-type metal-oxide semiconductor transistors [29] . However, impedance mismatching may be generated to obtain the desired voltage gain in the inverter-based LNA, because the transconductances and output resistances of the transistors affect the wideband input and output matching characteristics and the voltage gain. Impedance mismatch can be compensated by adding capacitance Cx, shown in Figure 5a , between the first and second stages in the proposed LNA. Additional capacitance Cx can not only increase the degree of freedom in the inverter-based LNA design without increasing the noise figure but also be useful for achieving impedance matching with the proposed fractal-slot antenna. Capacitance characteristics at the input of the LNA can be designed to compensate for the inductance characteristics of the antenna, because the input capacitance of the first stage, which depends on the size of the transistors, can be adjusted by changing capacitance Cx.
The proposed LNA was fabricated using TSMC 0.25 μm mixed-signal CMOS process technology with one polylayer and five metal layers, as shown in Figure 5b . The chip area of the LNA is 0.23 mm 2 , and external bond-wire inductors and discrete capacitors were used for input and output matching, as shown in Figure 5a . Simulation results show that the LNA obtains both a voltage gain of ≥20 dB, and wideband input and output matching via interstage capacitance Cx. As indicated by the simulated results in Table 3 , at 915 MHz, input and output matching were improved by the capacitance Cx without any significant effect on the noise figure and the voltage gain of the LNA. Input P1dB was simulated to be −15.7 dBm; thus, it can be predicted that the linearity of the LNA would not affect the operation of the radar sensor compared with the received power based on pathloss calculation. The proposed LNA was fabricated using TSMC (Taiwan Semiconductor Manufacturing Company) 0.25 µm mixed-signal CMOS process technology with one polylayer and five metal layers, as shown in Figure 5b . The chip area of the LNA is 0.23 mm 2 , and external bond-wire inductors and discrete capacitors were used for input and output matching. Simulation results show that the LNA obtains both a voltage gain of ≥20 dB, and wideband input and output matching via interstage capacitance C x . As indicated by the simulated results in Table 3 , at 915 MHz, input and output matching were improved by the capacitance C x without any significant effect on the noise figure and the voltage gain of the LNA. Input P1dB was simulated to be −15.7 dBm; thus, it can be predicted that the linearity of the LNA would not affect the operation of the radar sensor compared with the received power based on path-loss calculation. Figure 6 shows the magnitudes of the measured S-parameters of the proposed LNA. Degradation in the measured voltage gain and input matching was caused by the difference in bond-wire inductance between simulation and implementation. The magnitude of the input reflection coefficient was degraded; however, the Smith chart in Figure 7 shows that impedance Z ANT of the antenna was matched with input impedance Z LNA of the LNA using a radiofrequency cable with a characteristic impedance of 50 Ω and a length l cable of 200 mm. The return loss of the antenna connected to the LNA was calculated to be 12.8 dB. Figure 6 shows the magnitudes of the measured S-parameters of the proposed LNA. Degradation in the measured voltage gain and input matching was caused by the difference in bondwire inductance between simulation and implementation. The magnitude of the input reflection coefficient was degraded; however, the Smith chart in Figure 7 shows that impedance ZANT of the antenna was matched with input impedance ZLNA of the LNA using a radiofrequency cable with a characteristic impedance of 50 Ω and a length lcable of 200 mm. The return loss of the antenna connected to the LNA was calculated to be 12.8 dB. 
915 MHz Radar Sensor Module
The front-end module of the 915 MHz CW radar sensor shown in Figure 8 was implemented on an FR4 PCB with a thickness of 1 mm. Signals of 915 MHz with an output power of 9 dBm were generated at the voltage-controlled oscillator (VCO) and divided into LO and Tx paths by a power divider with an insertion loss of 0.4 dB. The maximum output power of the transmitted signal was less than 3 dBm because of the input return loss of the proposed antenna and the intrinsic loss of the connectors. Additionally, the reflected signal was received by the proposed antenna and amplified using the chip-on-board LNA with a voltage gain of 17 dB at 915 MHz. The received signal was downconverted to the baseband signal by a passive mixer with a conversion gain of −7.54 dB and a low-pass filter with a cutoff frequency of 80 MHz. The board size of the front-end module is 50 × 35 mm. 
Measurements and Discussion
Experiment Setup
Vital signs, particularly heart rate, obtained from the 915 MHz radar sensor are compared with the output of the reference sensors to evaluate the accuracy of the proposed radar sensor. Figure 9 shows the measurement setup for vital-sign detection using the proposed 915 MHz radar sensor module. Vital signs of a subject at a distance of 80 cm from the module were measured by using the three sensors for 30 seconds. The signal-to-noise ratio of the vital signals measured by the 915 MHz radar sensor at a distance of 80 cm could decrease under a near-field condition compared with a far-field condition [16] . However, because the power of the signal received by the sensor decreases as distance increases, the subject was positioned at a distance of 80 cm, which is proper for detecting vital signs of the human body with consideration of the operating conditions of the sensor. The raw data from the radar module were conditioned using a SR560 preamplifier (Stanford Research Systems), with a voltage gain of 27 dB and a passband from 0.03 Hz to 0.3 Hz to satisfy the input range of the data-acquisition (DAQ) board (National Instruments). The data sampled at 1000 samples per second were transformed into the frequency domain by using a fast Fourier transform (FFT) in MATLAB. The reference sensor (EKG-BTA, Vernier Software and Technology) obtains ECG signals using three electrodes and another DAQ board, and the heart rate, sampled at 200 samples per second, was displayed in MATLAB. Reference respiration was measured with a piezoelectric-based belt-type sensor manufactured by Vernier Software and Technology, sampled at 20 samples per second and displayed in MATLAB. Experiments were carried out on six subjects composed of five male and one female subjects in their 20s. Each experiment was conducted once for each subject. The accuracy of the radar sensor was demonstrated by comparing respiration and heart rate (beats per minute, BPM) obtained from the radar sensor with those obtained from the reference sensors. 
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Measurement Results and Discussion
Respiration and heart rate are calculated by extrapolating the peak values obtained by taking the FFT of the data measured for 10 s to 60 s [10] . Figure 10 shows the frequency-domain spectra of vital signs measured by the proposed radar sensor and the ECG sensor for 30 s. The vital signs obtained from the radar sensor clearly show frequency peaks fr and fh, corresponding to respiration and heartbeat, respectively. Frequencies fr for respiration and fh for heartbeat obtained from the radar sensor were observed at similar frequencies to those obtained from the ECG sensor and those obtained from the respiration belt, respectively. The ECG sensor could obtain a highly accurate heart rate because it directly monitors electrical signals generated by the heartbeat. The respiration belt could accurately detect respiration rate because breathing can be observed from the movement of the chest cavity. The measured signals of the radar sensor exhibited a higher noise level than those of the 
Respiration and heart rate are calculated by extrapolating the peak values obtained by taking the FFT of the data measured for 10 to 60 seconds [10] . Figure 10 shows the frequency-domain spectra of vital signs measured by the proposed radar sensor and the ECG sensor for 30 seconds. The vital signs obtained from the radar sensor clearly show frequency peaks f r and f h , corresponding to respiration and heartbeat, respectively. Frequencies f r for respiration and f h for heartbeat obtained from the radar sensor were observed at similar frequencies to those obtained from the ECG sensor and those obtained from the respiration belt, respectively. The ECG sensor could obtain a highly accurate heart rate because it directly monitors electrical signals generated by the heartbeat. The respiration belt could accurately detect respiration rate because breathing can be observed from the movement of the chest cavity. The measured signals of the radar sensor exhibited a higher noise level than those of the reference sensors even though raw data in the radar sensor are filtered in the desired frequency band by the preamplifier. The operating principle of the radar sensor, which monitors the physical-movement change caused by the heartbeat, is one of the reasons why the noise level of the radar sensor is higher than that of the ECG sensor. reference sensors even though raw data in the radar sensor are filtered in the desired frequency band by the preamplifier. The operating principle of the radar sensor, which monitors the physicalmovement change caused by the heartbeat, is one of the reasons why the noise level of the radar sensor is higher than that of the ECG sensor. Figure 10 . Vital-signs spectra measured using the proposed 915 MHz CW radar sensor, the respiration belt, and the ECG sensor.
In the case of the radar sensor without the proposed LNA, measurement accuracy of the heart rate was reduced owing to the input return loss of the proposed antenna and the decrease in signal sensitivity. Table 4 presents the measured heart rates and error rates with and without the proposed LNA in the radar sensor. Table 5 shows that the measurement accuracy of the proposed radar sensor depends on the distance of the subject. The detection errors of the vital signs using the proposed radar sensor for one subject were measured to be less than 3% at a distance of 40 cm to 100 cm. Measurement results show that the setup distance of 80 cm was within the range that can obtain stable BPM, although it is not an optimal distance to detect the vital signs of a subject. Table 5 . Measured respiration and heart rates for one subject located at various distances by using the proposed radar sensor and the reference piezoelectric and ECG sensors. Comparing with the reference sensors, the measured respiratory and heart rates for six subjects are shown in Table 6 . The measured respiration for the proposed radar sensor had an error rate of Figure 10 . Vital-signs spectra measured using the proposed 915 MHz CW radar sensor, the respiration belt, and the ECG sensor.
Distance
In the case of the radar sensor without the proposed LNA, measurement accuracy of the heart rate was reduced owing to the input return loss of the proposed antenna and the decrease in signal sensitivity. Table 4 presents the measured heart rates and error rates with and without the proposed LNA in the radar sensor. Table 5 shows that the measurement accuracy of the proposed radar sensor depends on the distance of the subject. The detection errors of the vital signs using the proposed radar sensor for one subject were measured to be less than 3% at a distance of 40 cm to 100 cm. Measurement results show that the setup distance of 80 cm was within the range that can obtain stable BPM, although it is not an optimal distance to detect the vital signs of a subject. Table 5 . Measured respiration and heart rates for one subject located at various distances by using the proposed radar sensor and the reference piezoelectric and ECG sensors. Comparing with the reference sensors, the measured respiratory and heart rates for six subjects are shown in Table 6 . The measured respiration for the proposed radar sensor had an error rate of <0.6% compared with that measured using the respiration belt-type sensor. There was almost no deviation depending on the subjects in the measurement results of the respiration. Results show that the radar sensor could obtain enough signal-to-noise ratio because motion by respiration can be largely detected from the surface of the human body for a stationary subject. Measurements of the heart rate showed a mean error of 2.4% compared with measurements using the ECG sensor, but there was significant difference between the smallest error of 0.21% and the largest error of 4.89%. It is shown that detection accuracy of the heart rate using the proposed radar sensor could vary depending on the subjects due to the requirement of high sensitivity of heart-rate detection even with the high penetration of the transmitted signal in the proposed radar sensor. Table 6 . Measured respiration and heart rates for six subjects by using the proposed radar sensor and the reference piezoelectric and ECG sensors. In the CW Doppler radar sensor, the magnitude of the phase-modulated signal caused by the motion of respiration and the heartbeat is represented by the motion multiplied by 4π/λ, as shown in Section 2. A wavelength of approximately 30 cm may cause the 915 MHz radar sensor to have a low sensitivity to the motion generated by respiration and heartbeat (a few millimeters) at the surface of the human body. Nevertheless, it was demonstrated that the proposed radar sensor can achieve highly accurate vital-sign detection because the power of the received signal and the effects of the movement of the internal organs can be increased by the low path loss inside the human body. The effect of body movement could not be eliminated in the proposed radar sensor, even with low operating frequency. Multichannel Doppler radar sensors, which simultaneously detect vital signs from several radar sensors with various operating frequencies located at different positions, including the proposed radar sensor, may be an effective approach for moving-body cancellation of vital-signal detection with the radar sensor.
Subject
Conclusions
A CW Doppler radar-sensor module operating at 915 MHz was proposed for detecting respiration and heartbeat. The proposed radar sensor is insensitive to surface movements caused by respiration and heartbeat due to its operating frequency of 915 MHz. However, path-loss calculation at 915 MHz and 2.45 GHz indicates that the received power of the radar sensor, which includes movement inside the human body, is higher than that of another radar sensor operating at a higher frequency. A circularly polarized fractal-slot patch antenna design was proposed to reduce antenna size, and patch area was reduced by 15% compared with a conventional patch antenna operating at 915 MHz. An LNA-integrated circuit was employed for impedance matching with the proposed antenna and sensitivity improvement. The proposed amplifier is an inverter-based two-stage amplifier with resistive feedback and interstage capacitors for obtaining wideband input and output matching and high voltage gain. The respiration and heartbeat signals measured using the proposed radar sensor were clearly distinguishable from each other. The mean error rates of respiration and heart rate measured by the radar sensor, including the antenna and LNA, were 0.3% and 2.4% compared with those measured by commercial piezoelectric and ECG sensors, respectively. 
